We describe the gill anatomy of Margaritifera auricularia, including a histological analysis of the marsupium, its brooding capacity and the length of the maturation process, providing information on the hitherto unknown reproductive strategy of French populations. Ova and developing embryos from the Charente and Creuse river populations were found in March, with glochidial release occurring in April. Development from first cleavage to glochidial maturity took 25-37 days. Compared with the Spanish populations, the reproductive period begins some weeks later. The estimated number of larvae per gravid mussel was around 2,000,000. We expect the findings presented here will improve captive breeding projects that aim to conserve the few remaining populations of this endangered species in Europe.
INTRODUCTION
Fertilization in freshwater mussels is always internal, with early embryonic and larval development occurring in the gills. Brooding has been identified as a mechanism for embryonic nourishment as well as the protection and retention of the larvae (Sellmer, 1967; Wood, 1974; Kat, 1984; Silverman, Kays & Dietz, 1987; Richard, Dietz & Silverman, 1991; Tankersley & Dimock, 1992; Tankersley, 1996; Schwartz & Dimock, 2001) . Several authors have suggested that this mechanism is an evolutionary adaptation facilitating the transition of bivalves from marine to freshwater habitats by preventing larvae from being swept downstream (Davis & Fuller, 1981; Graf & Ó Foighil, 2000; Araujo et al., 2017) .
Some characteristics related to brooding, including the anatomy of the gills, location and arrangement of glochidia in the brood chambers, the degree of swelling of the lamellae and the duration of larval incubation, can also be informative for freshwater mussel taxonomic and conservation studies (Ortmann, 1911; Heard & Guckert, 1971; Tankersley, 1996; Graf & Cummings, 2006) .
Freshwater mussels have different strategies in relation to the length of the brooding period, being either short-term (tachytictic) or longterm (bradytictic) brooders. Tachytictic species spawn their gametes in spring and brood the embryos only until glochidia have fully developed, whereas bradytictic mussels spawn in late summer and brood their glochidia over winter, releasing them in early spring (Graf & Ó Foighil, 2000) . Climate (Sterki, 1903; Ortmann, 1909; Graf, 1997) and synchronization with seasonal host activity (Zale & Neves, 1982) are considered factors that determine brooding patterns.
The giant freshwater pearl mussel Margaritifera auricularia (Spengler, 1793) is considered the most imperilled bivalve species in Europe Prié, 2010) . Although likely widespread in most western European rivers at the beginning of the 20th century, nowadays only a few remaining populations of this species persist in Spain and France (Araujo & Ramos, 2000a; Cochet, 2001; Prié et al., 2018) . Much of the biological knowledge of M. auricularia comes from studies of Spanish populations, including studies on sex ratio and gametogenesis (Grande, Araujo & Ramos, 2001) , glochidial morphology (Araujo & Ramos, 1998) , glochidial release season (Araujo, Bragado & Ramos, 2000) , host fish (Araujo, Bragado & Ramos, 2001) , range of degree days for glochidial excysment (Araujo, Quirós & Ramos, 2003) , national threats (Araujo & Ramos, 2000b; Araujo & Álvarez-Cobelas, 2016 ) and growth patterns (Nakamura et al., 2017) . However, except for the brief description provided by Haas (1916 Haas ( , 1924 , no studies have characterized the anatomy of the gills and changes in the marsupium during brooding, or embryo development times and brood size in this species.
Detailed knowledge of brooding morphology and behaviour of different populations is important for improving ex situ projects and the conservation of this endangered species in Europe. In this paper, we describe the anatomy of the gill and present a histological analysis of the marsupium of M. auricularia. We also provide information on brooding capacity and the length of the maturation process, revealing details about the reproductive strategy of the northern populations (France) and differences from the southern ones (Spain).
MATERIAL AND METHODS

Gill anatomy
Observations of the gills of Margaritifera auricularia were made using specimens collected at the Canal Imperial (Ebro Basin, Spain) and preserved in the malacological collection of the Museo Nacional de Ciencias Naturales (MNCN) in Madrid (Table 1) . Due the rarity of this species, we did not sacrifice any additional specimens for this study. Three specimens were processed for histological analyses. Portions of the central part of the outer and inner demibranchs were excised, gradually dehydrated through an ethanol series, embedded in paraplast and serially sectioned (5-10 μm) with a microtome. The slides were then stained with haematoxylin-eosin and Heidenhain's azan and observed under an optical microscope mounted with a digital camera.
Collection and maintenance of animals for glochidial maturation and release observations
The M. auricularia populations from the Creuse and Charente rivers (France) were studied between 2015 and 2017. Additionally, we examined the gravidity of Spanish specimens stored at the collection of MNCN that had been collected during different months between 1996 and 2001. Based on this information and the previously reported reproductive season of the Spanish populations (Araujo et al., 2000) , the two French populations were surveyed between March and May (Table 2) . During this period, 85 specimens (64 from the Charente and 21 from the Creuse) were captured and labelled by a diver team. Mussels were then held for 1-2 weeks in netted cages in the river to allow larval development to commence or proceed and to limit the maintenance period in the laboratory. Specimens were regularly inspected for gravidity and stage of development by observing samples of the gills content obtained with the aid of a disposable syringe under an optical microscope. Mussels from the Charente population in 2017 already had developed embryos when captured and were immediately transferred to the laboratory.
In the laboratory, the mussels were maintained at ambient temperature (similar to the temperature of the River Creuse) in aquaria filled with aerated water from their respective rivers and without sediment. Larval material released by each mussel was inspected daily under a binocular microscope.
The duration of egg maturation was estimated by counting the number of days between the first observation of undivided eggs and the presence of mature glochidia (i.e. without egg membranes) in two specimens from the River Creuse.
To estimate the total number of glochidia harboured by a single mussel, we collected all larval material individually released by three specimens in 2016. We diluted and homogenized this material in a known volume of river water, then counted the number of glochidia in three 1-ml samples in a Sedgewick Rafter counting chamber for each specimen. We could not check whether the mussels contained more larvae in their gills before being returned to the river or sacrifice them due to conservation legislation. Therefore, the actual number of glochidia may be underestimated.
The size of the glochidia, collected from two individuals per French population, was measured under an optical microscope. For scanning electron microscopy (SEM), glochidia collected from the Charente River population were fixed in 70% ethanol, washed three times with distilled water, cleaned in 5% KOH for 2 h and washed again five times with distilled water.
RESULTS
Gill anatomy and brooding
The ctenidia of Margaritifera auricularia were composed of inner and outer demibranchs, each with ascending and descending lamellae. The inner demibranch was always larger than the outer one ( Fig. 1) . Nearly the entire length of the outer demibranch was attached dorsally to the mantle, with 1/9 to 1/4 of its length being free posteriorly. The inner demibranch was dorsally connected to the visceral sac, except for the central and posterior parts. The free posterior ends of the two ctenidia were in contact with each other and with the inner mantle wall, forming the pseudodiaphragm.
The lamellae of each demibranch were intermittently united by irregularly scattered junctions that slightly formed a diagonal pattern ( Fig. 1 ). These interlamellar junctions (ILJs) usually consisted of extensions of tissue between two adjacent ostia in the direction of the filament. They were also usually longer in the dorsal and central parts of the demibranchs and shorter in the ventral part ( Fig. 1 ). Microscopic observations showed that ILJs were formed of connective tissue crossed by muscular fibres attached to the base of the gill filaments ( Fig. 2A) . Within the lamellar tissue of the demibranchs, the blood vessels, which can be observed macroscopically, run and branch dorsoventrally (Fig. 2B) . The lamellar tissue of the demibranchs was more developed in the descending lamellae. Water canals, connecting the interior lumen of the demibranchs with the mantle cavity through the ostia, were always present (Fig. 2C ).
In the demibranchs of non-gravid specimens, the connective tissues of both the lamellae and the ILJs were sparse, leaving an irregular internal lumen with numerous epithelial folds (Fig. 2D) . The muscular fibres of the ILJs were contracted and sinuous, and the epithelial cells were compacted, with microvilli facing the internal lumen (Fig. 2E) .
In gravid individuals, two major changes were observed within the gills. Following the relaxation of the muscular fibres, the ILJs elongated and unfolded. As a result of this extension, the lamellar tissue was compressed, becoming thinner and denser than in the non-gravid gills. Accordingly, the folds were no longer present and the entire lumen was stretched, acquiring a more regular shape to accommodate the larvae (Fig. 2C) . Despite the elongation of the ILJs, the entire demibranch did not swell in gravid individuals, maintaining a similar size as in the non-gravid state. The second major change that occurred during the incubation period was that the epithelial cells of the lamellar tissue and the ILJs expanded, becoming cuboidal in shape and full of an unstained material, which was presumably composed of fluid-filled vacuoles (Fig. 2F ). During this phase, the microvilli were not observed. Instead, a mucoid-like coating was distributed over the cell apices, suggesting a secretory function. In the two gravid specimens examined histologically, the outer demibranchs were densely packed with larvae, whereas larval density was much lower in the inner demibranchs, which had large empty spaces, especially in the dorsal and ventral regions (Fig. 3) . Accordingly, the ILJs appeared more distended in the inner demibranchs.
Glochidial maturation and release
Specimens from the Canal Imperial that were collected during February (1996 February ( -2001 consisted of gravid individuals, whereas those collected in early December (1996) and mid-January (2001) did not. During the 2015-2017 field surveys in France, ova and developing embryos were found throughout the month of March in the Charente and Creuse populations. In mid-April 2015, glochidia with egg membranes were found in the River Creuse. No gravid specimens were found at the end of April in the Charente or in early May in the Creuse. The percentage of gravid mussels found varied between years; however, in March 2017, almost all inspected specimens in the Charente River were gravid (Table 2) . A total of 19 individuals were recaptured from a previous year (no specimens were captured three years in a row) and, of those, five were gravid in both years.
Mussels taken from the River Charente to the laboratory released glochidia in early April, while those from the Creuse did so 7-10 d later (Table 2) . Based on our combined field and laboratory observations of embryonic development, first cleavage to the mature glochidial stage (without egg membrane) in the River Creuse took 31-37 d at an average temperature of 11°C.
In some cases, we observed broods being aborted prior to maturation. These aborted broods consisted of egg masses, embryos at different developmental stages and sometimes glochidia (with and without egg membranes). These were released as white conglutinates and appeared as small clumps lacking a well-defined shape that remained near the exhalant aperture. However, in some instances, the mussels expelled large branch-shaped conglutinates as casts of the demibranchs. The cohesive nature of the egg membranes held this brood material together. Nevertheless, on some occasions, we also observed a mucus matrix within these conglutinates. When development proceeded normally, and the majority of larvae were mature, mussels broadcast free mature glochidia suddenly and in large quantities.
The estimated numbers of eggs, embryos and glochidia released by two Charente mussels, both c. 12 cm in length, were 1,541,575 and 2,032,000. A Creuse specimen, measuring 14.5 cm in length, was estimated to have released 1,705,000 larvae (Table 3) .
The mean length of glochidia of the French populations of M. auricularia was 147.17 μm (±SD 4.7; n = 39) and the mean height 142.21 μm (±4.08; n = 40) (Fig. 4) . A few minute teeth, measuring 2.3-3.8 μm long by 1.2 μm wide, were observed along the ventral edge of the shell (Fig. 4) .
DISCUSSION
Detailed descriptions of the morphological differences between marsupial and non-marsupial demibranchs have previously been reported for several unionid mussels (Peck, 1877; Lefevre & Curtis, 1910; Ortmann, 1911; Heard & Vail, 1976; Richard et al., 1991; Tankersley & Dimock, 1992 , 1993 . The gill morphology of several margaritiferid species has also been described (e.g. Haas, 1910; Ortmann, 1912; Smith, 1988) , being characterized by the incomplete fusion of the visceral sac and mantle in the posterior area, and the absence of water tubes. Nevertheless, until now the changes in gill morphology associated with brooding have only been reported for Margaritifera margaritifera (Smith, 1979) .
We show that during gravidity in M. auricularia, the demibranchs increase the volume of their internal lumen to harbour larvae by reducing the width of the lamellar connective tissue. Apparently, this is controlled by the relaxation of the muscular fibres of the ILJs, which maximally expand from a contracted state, such that the epithelia of the internal lumen at the base of the ILJs stretch towards the gill filaments, thus reducing the width of the lamellar connective tissue and elongating the ILJs. Therefore, it is adjustments in the linear dimensions of the tissue, rather than a stretching action, that are responsible for the slight increase in demibranch width during brooding. This lack of elasticity, which has also been reported for M. margaritifera (Smith, 1979) but is contrary to reported results in Unionidae (Ortmann, 1911; Fuller, 1972 Fuller, , 1973 Richard et al., 1991; Tankersley & Dimock, 1992) , may prove to be a phylogenetic constraint of Margaritiferidae (Smith, 1979) .
As described for M. margaritifera by Smith (1979) , the epithelial cells of both the ILJs and the rest of the internal lumen undergo cell-shape changes during the brooding period, presumably to assume a secretory function. In members of the Unionidae, all of which have continuous septa, the ILJ epithelial cells change shape (Lefevre & Curtis, 1912) ; however, whether other epithelial cells of the lumen also do so is unknown. The extension of the secretory function to the entire epithelium of the lumen may be related to having sparse and irregularly distributed ILJs and may be another evolutionary constraint of Margaritiferidae.
The function of these secretions is not well understood. Smith (1979) and Baird (2000) proposed that the mucoid secretions may facilitate the release of the glochidial mass by forming a functional viscous coating that reduces resistance along the cell surfaces in M. margaritifera and M. monodonta, respectively. Ortmann (1911) suggested that the secretions from the water tube cells may confer a gelatinous consistency to the egg/embryo masses that form the conglutinates. Based on studies of several Unionidae (Anodontinae and Lampsilini species), some authors have suggested that nutrients and calcium concretions could be transferred from females to developing larvae via mucus secreted by cells located in the interlamellar septa (Wood, 1974; Tankersley & Dimock, 1992; Tankersley, 1996; Schwartz & Dimock, 2001; McElwain & Bullard, 2014) .
Like other Margaritiferidae (Harms, 1907; Howard, 1915; Haas, 1916; Murphy, 1942; Smith, 1980) , M. auricularia is a tetragenous species. Although Howard (1915) reported the presence of more eggs and glochidia in the inner demibranchs of one specimen of M. monodonta, in the analysed specimens of M. auricularia the outer demibranchs showed considerably more embryos than the inner demibranchs. At present, we cannot determine if this is a feature of this species or the result of the specimens we observed not yet being fully gravid prior to fixation. Fecundity of M. auricularia was estimated to be around 2,000,000 glochidia per adult based on material collected from three specimens. Although this estimate of fecundity is high compared with other members of Unionoida (Haag, 2013) , it is lower than that observed for other margaritiferids, with the exception of M. falcata (Table 3) . However, in this latter case, the data were obtained by a volume calculation, suggesting fecundity in M. falcata may have been greatly underestimated. Presumably, for similarly sized mussels, more glochidia can be produced with the same energetic investment if the glochidia are smaller (Bauer, 1994) . The apparently lower fecundity of M. auricularia among margaritiferids could be a consequence of glochidial size. Margaritifera auricularia produce glochidia with a length range 127-155 μm (Araujo & Ramos, 1998 ; this study), being the largest among all reported Margaritiferidae (Table 3 ). The glochidium of M. auricularia, as previously described by Araujo & Ramos (1998) and confirmed in this study, is of the hookless type and lacks larval threads. Rather, it has minute teeth in the shell margin (Araujo & Ramos, 1998) , which are likely used to attach to the gills of the host fish.
Although there has been some confusion about whether Margaritiferidae are bradytictic or tachytictic (Graf & Ó Foighil, 2000) , our observations indicate that M. auricualaria is a short-term brooder as glochidia were released shortly after maturation. Furthermore, the marsupia do not have special anatomical adaptations to accommodate long-term brooding, such as gill structures to isolate glochidia during development, as has been described for the bradytictic Anodontinae and Lampsilini (Sterki, 1903; Ortmann, 1911; Lefevre & Curtis, 1912) . In contrast, the marsupium of M. auricularia remains in contact with the external medium through the ostia and the water canals.
Based on our observations of M. auricularia, maturation takes approximately one month, similar to European M. margaritifera populations (Harms, 1907; Scheder, Gumpinger & Csar, 2011) . Therefore, spawning and fertilization probably occur in early to mid March in French populations and a little earlier, at the end of January to early February, in Spanish ones, with the precise timing being temperature dependent (Wellmann, 1943; Meyers & Millemann, 1977; Young & Williams, 1984; Ross, 1992; Hastie & Young, 2003) . Previous knowledge of the reproductive season of M. auricularia is based on Ebro Basin populations, which are gravid in February (see above) and release glochidia in March (Araujo et al., 2000) . Field and laboratory observations of the two French populations carried out from 2015 to 2017 showed that mussels had developing embryos through March and that the beginning of glochidial release occurred in early to mid April. Taken together, this indicates a difference in the timing of glochidial release between Spanish and French populations and, indeed, even between the two French populations, with glochidial release in the more northern River Creuse population delayed by several days. Although most available information regarding the season of glochidial release is based on laboratory observations, the evidence suggests that there is a latitudinal gradient influencing the timing of the reproductive season in this species, similar to that suggested in other freshwater mussels populations. For instance, Awakura (1968) reported that the breeding season and glochidial release of a northern Japanese (c. 43°N) M. laevis population started, respectively, in mid-June and late July. However, Naito (1988) observed that breeding and glochidial release occurred approximately two and a half months earlier at the southernmost distributional limit of the species (c. 34°N). Howard (1915) suggested that differences in reproductive timing may be related to latitudinal differences in water temperatures. Thermal differences among rivers may also affect reproductive timing in M. falcata (Meyers & Millemann, 1977) and M. margaritifera (Hastie & Young, 2003) . In the latter the authors suggested that annual differences in accumulated degreedays (sum of daily average temperature) may be a more reliable indicator of thermal differences. Accumulated degree-days from six consecutive years (2011) (2012) (2013) (2014) (2015) (2016) of the three rivers compared in this study indicate a latitudinal gradient in temperature that seems to support this hypothesis (Table 4) .
Despite variations in the period of reproduction among the different populations, M. auricualria begins to release glochidia during late winter to early spring, which is earlier than in other margaritiferids. Margaritifera margaritifera usually releases its glochidia from late June to early September (Lefevre & Curtis, 1910; Murphy, 1942; Wellmann, 1943; Smith, 1976; Young & Williams, 1984; Ross, 1992) , M. dahurica at the end of September and October (Klishko, 2012) , M. laevis from July to August in northern Japan (Awakura, 1968) and from the middle to the end of May in southern populations (Naito, 1988) , and M. falcata in May (Meyers & Millemann, 1977) . The timing of glochidial release is of crucial importance in relation to host-fish availability. However, much research is still needed on this topic and will be analysed in future studies.
Although the glochidial release behaviour of M. auricularia in natural habitats is unknown, results from a drift-net study by Araujo et al. (2000) indicated that release is a sudden event, with the majority of glochidia being released over only 1-2 d, as was also observed in Scottish M. margaritifera populations (Hastie & Young, 2003 ). Aquaria observations indicated two possible mechanisms for fish infection. The abrupt and massive broadcasting of free glochidia appears to be the main host-infection strategy in M. auricularia. However, we also frequently observed small white masses composed of larval material, including glochidia, that were released but remained near the exhalant aperture, which may be involved in host attraction. A similar behaviour has been reported for M. monodonta (Baird, 2000) and other freshwater mussels (Barnhart et al., 2008) -although it has been proposed to be a mechanism to deal with respiratory stress caused by hypoxic conditions (Lefevre & Curtis, 1912; Araujo & Ramos, 1998; Aldridge & McIvor, 2003; Haag & Warren, 2003) . Further research is required to determine if this behaviour occurs in nature and whether it functions in host attraction and infection. 
